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Marie Curie, Paris, FranceABSTRACT Collective cell migration is often characterized by the spontaneous onset of multicellular protrusions (known as
fingers) led by a single leader cell. Working with epithelial Madin-Darby canine kidney monolayers we show that cells within
the fingers, as compared with the epithelium, are well oriented and polarized along the main finger direction, which suggests
that these cells actively migrate. The cell orientation and polarity decrease continuously from the tip toward the epithelium
over a penetration distance of typically two finger lengths. Furthermore, laser photoablation experiments at various locations
along these fingers demonstrate that the cells in the fingers are submitted to a tensile stress whose value is larger close to
the tip. From a dynamical point of view, cells entering a finger gradually polarize on timescales that depend upon their particular
initial position. Selective laser nanosurgery of the leader lamellipodium shows not only that these structures need a leader to
progress, but that this leader itself is the consequence of a prior self-organization of the cells forming the finger. These results
highlight the complex interplay between the collective orientation within the fingers and the mechanical action of the leader.INTRODUCTIONCollective cell migration, in which tightly connected cells
migrate as cohesive structures such as sheets, clusters or
strands, is a key feature of numerous biological processes
(1–3). Such a mode of migration, where coordination
between cells is essential, has been observed in particular
during the formation of trachea (4), in zebrafish morphogen-
esis (5), or in the growth of some tumors (6–8).
These coordinated movements often lead to the formation
of digitations preceded by a single leader cell (sometimes
also called pioneer cell) whose exact function and origin
are still partly unclear. In three-dimensional geometries,
they play an important role in degrading and remodeling
the surrounding matrix to generate tracks for their followers
(9,10). However, they are also present in two-dimensional
migration experiments dealing with epithelial cultured cells
(11,12). Moreover, the mechanism of selection of these cells
has not been clarified. Chemical signaling via growth factors
has been proposed, since the level of expression of the
receptors of these proteins significantly differs between
leaders and followers (4,13,14). However, a purely physical
instability-based model involving a curvature-force rela-
tionship at the cellular level has also been developed, and
this model captures some of the essential features of the
observed structures (15).
The cells belonging to these multicellular structures are
often characterized by a strong directionality and orientation
that, coupled with the large-scale characteristics of the
global structure, provide interesting clues in our under-
standing of the mechanism of formation of the structures.
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cell interactions and the mechanics of these structures
(16). In wound-healing situations, the directionality of the
individual cells within the developing fingers is next to
perfect (17), reflecting the particular role of the leader cell
that precedes the other cells of the structures (13).
Cell polarity is another useful descriptor of migrating
cells. For instance, the position of the centrosome with
respect to the nucleus, and more generally the front-back
orientation, is correlated with the direction of cell migration
in two dimensions (18). In the case of collective migration,
E-cadherin-mediated cell-cell contacts within the epithe-
lium are also involved, and these contacts lead to a polariza-
tion perpendicular to the leading edge for the border cells
(19,20). The study of the orientation and polarity of the cells
in the pluricellular fingerlike structures that appear in
collective migration is therefore of particular interest.
In this article, we focus on experiments inspired by
wound healing, in which the free surface is released to
a confluent monolayer, thereby inducing a collective migra-
tion of the cells without physically injuring them (12). No
preferential orientation or polarity is observed when these
parameters are averaged out over the whole epithelium
(12). Here, to better understand the relations between the
leader cells and their followers, we locally map these
descriptors in the migration fingers. We quantify these
measurements by using order parameters for different phys-
ical fields (cell elongation, axis of division, position of the
centrosome, and local velocity), and we show that some of
these quantities are highly correlated, whereas others are
not, attesting to different sensitivities to the local environ-
ment. We also use this approach to measure the mechanical
influence of the fingers on the cells of the epithelium.doi: 10.1016/j.bpj.2011.04.047
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as a cell enters a finger, or their response to the disruption of
the finger organization by laser photoablation highlights the
complex relation between the leader cell and its followers.
Throughout this article, we compare the different acces-
sible experimental measurements in the fingers and within
the monolayer.MATERIALS AND METHODS
Microfabrication of the stencils and model wound
Microstencils were made of polydimethylsiloxane elastomer (Sylgard 184,
Dow Corning, Midland, MI) and prepared by classical microlithography as
described elsewhere (12). We used both plastic six-well plates and glass
slides 30 mm in diameter. The latter were used for immunofluorescence
and photoablation experiments. These two substrates were fibronectin-
coated. Coating with fibronectin was performed by incubating the surfaces
for 4 h in a 5 mg/mL fibronectin solution (Sigma, St. Louis, MO) in phos-
phate-buffered saline. Microstencils were then deposited on the surface.
Cells were plated on the microstencils and cultured in the incubator until
they reached confluence. At this time, the microstencils were peeled off.Cell culture
Several Madin-Darby canine kidney (MDCK) cell lines were studied. The
wild-type cell line is described in Bellusci et al. (21). We also used clones of
MDCK cells expressing E-cadherin-GFP (22) and actin-GFP (23) and
derived a clone expressing both E-cadherin-GFP and Histone H2B-
mCherry (24). A g-tubulin-DsRed (25) MDCK cell line was also prepared
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions.
The cells were cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum (Sigma), 2 mM L-glutamin solution
(Gibco, Billings, MT) and 1% antibiotic solution (penicillin (10,000
units/mL), streptomycin (10 mg/mL)). g-tubulin-DsRed, E-cadherin-GFP,
and actin-GFP cell lines were cultured with geneticin (400 mg/mL),
whereas the histone H2B-mCherry cell medium was supplemented with
hygromycin (200 mg/mL).
Cells were seeded and maintained at 37C, 5%CO2, and 90% humidity
throughout the experiments.Time-lapse microscopy
Time-lapse acquisitions were performed on an automated inverted micro-
scope (Olympus IX71 (CenterValley, PA) orNikonEclipseTI (Tokyo, Japan))
equipped with temperature, humidity, and CO2 regulation. Displacements of
the stage (Prior Scientific, Cambridge, UK) and image acquisition (charge-
coupled device camera (Retiga 400, QImaging, or EZ Coolsnap, Roper
Scientific, Trenton, NJ), shutter (Uniblitz, Rochester, NY)) were computer-
controlled throughMetamorph (Universal Imaging, Ypsilanti, MI). The delay
between two successive frames was set between 5 and 15 min, depending on
the experiments. Experiments were performed for typically 20 h.Image processing
The images were processed with ImageJ (26) using a watershed plugin to
extract the contours. In each situation, we analyzed different independent
experiments, yielding several hundred fingers whose length ranged from
100 to 400 mm, corresponding to 6–20 h after the peeling off of the stencil.
The orientation of a given cell was defined as the orientation of the major
axis of the best-fit ellipse. The division axis was taken as the line betweenthe centers of the two daughter cells. The nucleus position was defined by
the histone signal and the polarity axis as the nucleus centrosome axis.Velocity field measurements
The velocity field in the monolayer was mapped by PIVanalysis. Stacks of
images were analyzed by using the MatPIV software package for MATLAB
(The MathWorks, Natick, MA) (27) as previously described in Petitjean
et al. (17). The subwindow size was 6 mm, and the delay between successive
images was 5 min.Order parameters
The order parameters of the various fields were computed using the usual
expressions Sapol ¼ <cos 2q> and Spol ¼ <cos q>. The reported errors
are presented as the mean 5 SE.Immunofluorescence microscopy
For determining the microtubule organizing center (MTOC) position on
fixed cells, samples were labeled with a rabbit polyclonal anticentrin anti-
body (Covance, Princeton, NJ) after fixation and permeabilization by meth-
anol (100% for 5 min at room temperature). Staining was performed by
using Alexa-350 antirabbit (Invitrogen). The immunofluorescence labeling
was performed 18 h after the removal of the stencil. Images were acquired
on a confocal microscope (SP2 AOBS, Leica, Solms, Germany).Photoablation experiments
Two-photon photoablation experiments were carried out at 37C in
DMEM-Hepes buffer on an Olympus IX71 inverted microscope equipped
with a 63 high-numerical-aperture objective. By choosing low-energy
pulses and keeping their number at a minimum, we favored a mode of
surgery by plasma (28), much gentler on cells than high-temperature
cavitation modes (29). We used a femtosecond Ti:Sapphire laser (MaiTai,
Spectra Physics, Santa Clara, CA) operating between 80 and 150 mW at
920 nm (ablation efficiency was found to be nearly wavelength-independent
over the range 850–920 nm (30)). The position of the beam was controlled
by VM500 galvanometric mirrors (GSI Lumonics, Billerica, MA). The total
duration of photoablation on one point was controlled by a shutter LS200
(nmLaser), driven by MetaMorph and fixed at 5 ms. When physically
cutting the fingers, 80–90% of the pulses were selected by a pulse-picker
system and the fingers were cut from side to side (Pockels Cell Driver
and BME Delay Generator, Bergmann Messgeraete Entwicklung, Murnau,
Germany). For the dissection of the lamellipodium, only 5–10% of the
pulses were selected; the cut was then 5 mm  2 mm. In both cases, micro-
dissections typically consisted of a three-line scan performed in two succes-
sive z planes 3 mm apart. The photoablation was monitored by fast-3D
wide-field videomicroscopy, using a DG-4 monochromator set at 480 nm
(Sutter Instruments, Novato, CA), a Coolsnap HQ charge-coupled device
camera (Roper Scientific), and a PiFoc piezo-driven objective actuator
(Physik Instrumente, Karlsruhe, Germany).RESULTS AND DISCUSSION
Fingerlike structures
Migration structures
The collective migration of the Madin-Darby canine kidney
(MDCK) epithelial cells was triggered by a model wound
assay in which the confinement constraint was relaxed onBiophysical Journal 100(11) 2566–2575
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rectangular apertures (typically 400 mm 1mm) of an open-
ware silicone micro-stencil previously placed on the surface
(12). When they reached confluence, the stencil was
removed and cells could invade the free surface. In these
experiments, the border cells were not injured. Since
MDCK cells present strong cell-cell adhesions, this migra-
tion is a collective phenomenon that bears specific charac-
teristics. In particular, multi-cellular protrusions arose,
stemming from and preceding the monolayer (12) (Fig. S1
in the Supporting Material). These migration fingers pro-
gressed almost twice as fast as the average position of the
border of the epithelium with a highly directional motion.
They were preceded by a single leader cell at their tips
whose phenotype is very different from the other cells.
Internal tension in the fingers
After a transient stage immediately after the removal of the
stencil, cells close to the border spread as they migrate (12).
By mapping the cell density in the vicinity of the fingerlike
structures (Fig. 1), we have observed that this increase in
size was even larger in the fingerlike structures.
In the central part of the epithelium, within the initial
position of the stencil, the density of the confluent mono-
layer reached a value d0 in the range 5–8  105 cells$cm2,
depending on the initial conditions of the experiment. Fig. 1FIGURE 1 (A) Map of the cell density in the vicinity of a finger (taken 11 h aft
density increases from the leader cell toward the epithelium. The velocity field is
the epithelium with the distance to the tip normalized by the length of the finger,
from 60 mm to 340 mm. The gray band underlines the average behavior. The infl
corresponding to one half of a finger.
Biophysical Journal 100(11) 2566–2575B shows the spatial evolution of the cell density, d, normal-
ized by d0 versus the normalized finger length (L/L0), where
L is the position along the finger and L0 is its total length
(L ¼ 0 corresponds to the tip) (see Fig. 1 A legend).
Compared with the epithelium, the cell size significantly
increased close to the border: for 1< L/L0< 1.5, the density
decreased to ~75% of the reference density. Focusing now
on the fingers, we observed a further decrease in density
from the base of the finger to the leader cell (Fig. 1 B,
L < L0). The density then decreased to values as low as
2  105 cells$cm2. It is interesting to note that for a large
number of different fingers of very different lengths, this
variation of density in the fingers could be described by
a single curve in this normalized representation in density
and in length. In other words, the longer a finger, the larger
the distance over which the cell morphology changed. This
distribution of size strongly suggests that the cells in the
fingers are under mechanical tension (31).
To confirm this last point, we have undertaken a series of
photoablation experiments in which we physically cut the
fingers from side to side. After the cut, the two borders on
each side of the cut retracted in typically 15–30 min
(Fig. S2), confirming that the cells were under tension.
Furthermore, we monitored the evolution of the final retrac-
tion distance, c, between these borders as a function of the
position of the cut in the finger (Fig. 2). We took intoer stencil removal). The image is color-coded according to cell size. The cell
superimposed. (B) Evolution of the density normalized by the density within
L0 (see Fig. 1 A). The lengths of the 13 different fingers analyzed here range
uence of the finger becomes negligible within the epithelium after a length
FIGURE 2 Relaxation distance of a wound created by sectioning a finger
from side to side by laser ablation (see Fig. S2). This distance, c, varies with
the position of the cut, demonstrating a complex stress field that rapidly
decreases from the leader toward the base (see notations in Fig. 1 A and
Fig. S2). (This result is an average of 20 independent ablation experiments.)
Error bars are expressed as the mean5 SE.
Collective-Migration-Induced Polarity 2569account the motion of the leader cell that still progressed,
although this contribution was small at these short
timescales.
This relaxation could be quite important (up to 50 mm)
and was much larger next to the tip compared with the
base of the fingers, highlighting the force production by
the leader and the directionality of the movements within
the finger. However, these results could not be interpreted
only by the application of a localized force that would be
exerted by the leader on an elastic monolayer. In that case,
the relaxation would not depend on the position along the
finger (32). In contrast, Fig. 2 shows nonlinearities that
can originate from a strong solidlike friction of the cells
with the surface via focal adhesions and/or an active stress
produced by the other cells of the fingers themselves.
In any case, we can conclude that the effective stress
within the finger decreased from the leader where the force
production was the highest, toward the base. We now turn to
the consequences of this complex force field on the orienta-
tion and polarization descriptors of the cells.Orientation and polarity within migrating
structures—order parameters
In this section, we use the words orientation, to describe
nonpolar alignment directions (such as the main axis of the
cells or the axis of division), and polarity, for vectorlike
pointing directions (the velocity or the nucleus-centrosome
vector). Themain direction of the fingers is taken as the refer-
ence direction ~n (oriented from base to tip). When dealing
with the epithelium, we take ~n as the normal to the border
(corresponding to the average direction of migration).
Cell preferential orientation is a key feature to highlight
potential cell anisotropy in adhesive contact with thesubstrate (33) or other cells (34), or subjected to an external
elongation force (31,35). Moreover, collective cell migra-
tion is highly directional as the velocity of the cells is
perpendicular in average to the border of the model wound.
As previously mentioned, the movements of the cells within
the fingers are oriented along~n in average.
To quantify cell orientation and polarity at a cellular
scale, we introduce four descriptors. On the one hand, to
focus on the alignment within these structures, we locally
measure the orientation of the cells and that of their division
axis; on the other hand, the velocity direction and the MTOC
position with respect to the nucleus will describe the cell
polarity.
The cell major axis and the division axis are apolar
features. They are described by apolar order parameters
Sapol¼<cos (2q)> (36), where q˛[90,90] is the angle
between the reference direction,~n, and that of the descriptor.
In contrast, velocity and cell polarity are described by a
polar order parameter Spol ¼ <cos q> (17), where q˛
[180,180] is the angle between the reference direction,
~n, and the pointing direction of the descriptor.
For a random orientation, Sapol ¼ Spol ¼ 0. Other limiting
cases are Sapol ¼ 1 for directions parallel to the reference
direction, Spol ¼ 1 for polarity vectors pointing in the
same direction as the reference, and Spol ¼ 1 for antipar-
allel directions.
Orientations of the cells and their spindle axes in fingers
We first studied the orientation of the cells by plotting the
distribution of their angle relative to ~n (Fig. 3). Within the
epithelium, the angular distribution was homogenous and
the related order parameter was indeed close to zero
ðSapolcell ðepithÞ ¼ 0.03 5 0.02).
In contrast, the cellswithin the fingerswere clearly oriented
in the finger direction, Sapolcell ðfingerÞ ¼ 0.295 0.04, confirm-
ing our previous conclusion that these cells were subjected to
a mechanical tension in that direction (31,37).
Although cell division was not necessary to the formation
of fingers, as proved by previous experiments performed in
the presence of mitomycin C (12), the cells collectively pro-
gressing on the surface continued to divide at the same rate
as during their culture, with the noteworthy exception of the
leaders that never divided. Within the epithelium, no prefer-
ential orientation of the axis of division was observed
(Fig. 3), and the order parameter was close to
0 (Sapoldiv ðepithÞ ¼ 0.045 0.03). Within the fingers however,
the spindle axis clearly oriented in the direction of the
finger: Sapoldiv ðfingerÞ ¼ 0.5 5 0.1 (Fig. 3).
The axis of division has been shown to be strongly depen-
dent on the cellular mechanical microenvironment and in
particular to the local force field (38). We can therefore
conclude from our observations that the finger progression
does not generate significant oriented force within the
monolayer, an observation confirmed by direct force
measurements on MDCK monolayers (39). As for the cellsBiophysical Journal 100(11) 2566–2575
FIGURE 3 Order parameters and associated
angular distributions in the epithelium and in the
fingers. The cell orientation qualifies the main
orientation of the cells compared to the direction
of the finger, n! (distribution obtained with 580
cells in the fingers and 1450 in the epithelium).
The division orientation focuses on the angle
between the direction of the axis between the
nuclei of the two daughter cells and the direction
n! (distribution obtained with 415 cells in the
fingers and 1400 in the epithelium). The third
column sums up the direction of the velocity
vectors (distribution obtained with 768 vectors in
the fingers and 7900 in the epithelium). The
MTOC orientation gives the distribution of the
angle between n! and the nucleus-MTOC direction
(distribution obtained with 150 vectors in the
fingers and 300 in the epithelium). For all these
data, the stencil was peeled off 6–20 h before
data acquisition.
2570 Reffay et al.within the fingers, we can correlate our observations with
the existence of the previously evidenced complex tensile
force field present in these structures.
We therefore confirm at this stage that the mechanical
tension within the fingers imposes the elongation of the cells
and orients their axis of division.
Cell polarization: velocity and centrosome positioning
The full analysis of the velocity field in the epithelium,
including the particular features of the fingers, has been
previously performed using Particle Image Velocimetry
(PIV), a technique computing the correlations between
successive images (17). The cells constituting the fingers
have a highly correlated movement and a position-depen-
dent velocity, decreasing from the leader cell to the base
of the finger. In the epithelium, cells move along flow lines
that converge to the fingers beginning in the inner part of the
epithelium.
In the epithelium, the angular distribution of velocities
was not isotropic, since the cells tended to migrate on
average in the direction perpendicular to the free border.
However this motion is not uniform; it includes nonproduc-
tive movements perpendicular to the main direction, or even
vortices (17). Therefore, the observed angle distribution was
very broad (Fig. 3), and the corresponding order parameter
was small (SpolvelðepithÞ ¼ 0.105 0.05). In the fingers, all the
cells migrated in the main direction of the fingers. As
a result, the local velocities pointed toward the leader cell,
and the order parameter was very close to 1:
SpolvelðfingerÞ ¼ 0.94 5 0.01.
The MTOC (or centrosome, in most cells) is an essential
organelle characterizing the planar polarity of a cell (40). It
is involved in particular in migration processes (41), since
centrosomes of migrating cells localize at the front of the
nucleus and are quite sensitive to the cells’ microenviron-
ment (42,43). In the experiments presented here, we usedBiophysical Journal 100(11) 2566–2575an MDCK cell line whose histones H2B were labeled with
mCherry to indicate the position of the nucleus. These
cells also expressed E-cadherin-GFP that localized at the
membrane and revealed the cells’ contours. The centrosome
was observed on fixed cells by immunofluorescence of peri-
centrin (44) (Fig. S3).
Within the monolayer, we observed no preferential orien-
tation of the centrosome relative to the nucleus (Fig. 3). The
order parameter was SpolMTOCðepithÞ ¼ 0.07 5 0.07, very
close to 0. Although cells inside the epithelium moved
with a certain degree of correlation, when averaged out
over a large area, their centrosome was basically positioned
randomly around the nucleus. It is interesting to note that
cells at the border of the wound gave evidence of an orien-
tation of the MTOC toward the leading edge, as was previ-
ously observed (19,20).
In contrast, in fingerlike structures, >60% of the centro-
somes were oriented along the migration axis in front of
the nucleus, in an angular region of 60 centered on ~n
(SpolMTOCðfingerÞ ¼ 0.45 5 0.08) (Fig. 3). It is worth noting
that cells cultured on asymmetric adhesive patterns show
also a polarity very similar to that seen in this study (45).
This relatively high value of SpolMTOCðfingerÞ therefore means
that the cells in the finger are not only under mechanical
tension but also experience a polar microenvironment and/
or actively migrate in the direction of the finger (46).
In scratch wounding, the polarization of the border cells
perpendicular to the border is attributed to the cell-cell junc-
tions (19). Our own results complement this conclusion:
near the monolayer leading edge, the cells do polarize on
average in the direction perpendicular to the average free
border. However, this is a collective effect, not a local
rule. Indeed, in the fingers, the nucleus-MTOC vectors
orient in the direction of the finger, perpendicular to the
average border but parallel to the local edge of the finger.
Hence, cell-cell junction is not the only parameter
Collective-Migration-Induced Polarity 2571determining cell polarity. Please note, however, that the
degree of orientation is significantly reduced close to these
edges (Fig. S3). Indeed, at the single-cell level, the MTOC
position is often correlated with the direction of migration
(47). As we measure a much stronger orientation of the
velocity field compared with the MTOC position, we
conclude that the position of the MTOC results from
a balance between cadherin-mediated cell-cell contacts,
active migration within the finger, and the previously
demonstrated rapidly decreasing force field.
The orientation/polarization analysis performed so far
dealt with averaged behaviors over the entire fingers.
However, since gradients, for instance, in velocity or in
density, have been observed within single fingers, it is
natural to consider the spatial variations of the four order
parameters previously introduced.Spatial variations of the order parameters
Because of its specific nature, the leader cell was excluded
from this analysis, as was the first row of cells immediately
behind it. Therefore, we binned the values of the local order
parameters within boxes representing one-half of a finger
length and plotted these quantities versus the normalized
distance from the tip of the fingers (Fig. 4). In all instances,
the closer the cells to the leader, the higher is the order.
It is interesting to note that the velocity-related order
parameter could not be plotted versus this renormalized
distance. It was systematically very close to 1 within the
finger and decreased with distance from the base of the
finger with a shape that depended upon each situation
(that is, each finger length). It is also worth mentioning
that the variations in the orientation of cells were much
larger than their absolute stretching. This can be evidencedFIGURE 4 Spatial variations of three order parameters (MTOC posi-
tioning, divisions, and cell orientation) with the renormalized distance to
the tip. Their variations follow the same trend and highlight a penetration
length within the epithelium of approximately one finger length. The
gray area is the zone next to the tip where the influence of the leader is
very strong. These data were acquired on 30 different fingers whose lengths
varied between 50 and 450 mm, over five distinct experiments. Error bars
indicate the mean5 SE.by looking at the relatively small variations in eccentricity,
e ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1 b2=a2
p
, where a and b are the major and minor
axes, respectively, of the ellipse best fit to the cell (see
Fig. S4).
Remarkably, the curves illustrating the behaviors of the
three other order parameters with the normalized distance
all collapsed on the same decreasing curve. They all reached
high values (0.5–0.6) close to the tip and remained signifi-
cantly positive behind the finger over a penetration length
of the order of L0 (1 < L/L0 < 2) (Fig. 4).
Starting with identical cells, the migration therefore
creates collective structures that behave like global entities
with a common orientation and polarity. However, this
alignment depends on the position in the finger and extends
significantly within the epithelium.Dynamics of orientation: role of the leader cell
We have dealt so far with static views of these structures. We
now address their dynamics, focusing in particular on the
orientation and polarity of the cells as they join a finger
and after the progression of the leader of a preexisting finger
is stopped through the selective destruction of its
lamellipodium.
Inducing the polarity
To investigate the dynamics of the orientation of the MTOC,
we used an MDCK cell line expressing a g-tubulin fused
with Ds-Red (48). Because g-tubulin is associated with
the centrosome throughout the cell cycle (49,50), its posi-
tion relative to the nucleus dynamically gives the polarity
of the cell.
For cells in the fingers, the MTOC was consistently
located in front of the nucleus in the direction of migration,
confirming the previous immunofluorescence results
on fixed cells, with a derived order parameter
Spolg-tubulinðfingerÞ of 0.4 5 0.1, identical to SpolMTOCðfingerÞ.
In contrast, for a given cell within the monolayer, the orien-
tation of the g-tubulin was not stable in time but constantly
reorientated in typically 50 min, consistent with the charac-
teristic organization time of microtubules (51). In the
epithelium, the cell order parameter is zero not only when
spatially averaged, but also when time-averaged.
Again, it is instructive to compare these values to Spolvel . As
mentioned previously, the velocity is more oriented both in
the fingers and in the epithelium (Fig. 3). This difference is
due to the differences in the dynamics: the centrosome
constantly explores different positions around the nucleus
about the average direction of migration, whereas the
velocity is much more stable.
We then quantified the acquisition of polarity of a cell
initially in the epithelium that joined a finger. The time
t ¼ 0 was chosen when the cell crossed the virtual line of
the finger base. As mentioned previously, when the cell
was inside the monolayer (t % 0), the value of the orderBiophysical Journal 100(11) 2566–2575
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cell approaches the finger, the fluctuations of the parameter
Spolg-tubulin decreased markedly, whereas the parameter itself
increased steadily up to a value of 0.5–0.9 at which point
it remained constant. We estimated the region of influence
of the finger to be of the order of its length. Fig. S5 shows
this evolution with time for several typical cells differing
in their initial position within the monolayer. The character-
istic times for this process were widely scattered, with cells
initially located at the border of the wound reorienting their
centrosome much faster. These times ranged from 30 to
300 min (for 15 cells in seven different experiments) with
an average of 805 20 min. This average time is comparable
with the mean characteristic MTOC reorientation time at
classical wounds (41,51,52).
Focusing now on the leader cell, the MTOC was located
sideways, although this particular cell had the morphology
of an actively migrating cell for which the MTOC is ex-
pected to be positioned in front of the nucleus. However,
these leader cells were often polynucleated (up to 60%
were binucleated 10 h after their onset), which may reflect
a defective cytokinesis affecting the centrosome location.
Moreover, the position of the g-tubulin was not stable
over time, the characteristic time of these variations being
~40 min (data not shown).
Therefore, we conclude that cells joining a finger
polarize. This polarity increases as the cell penetrates into
the finger as it scans the order parameter spatial variation
curve.
Photoablation experiments
Here, we used two-photon microsurgery to selectively cut
the lamellipodium of the leader and therefore stop its
motion. The cut (5 mm  2 mm) in the lamellipodium was
perpendicular to the actin filament direction. The energy
doses were small enough to cut the actin filaments without
affecting the membrane (28).
As a consequence of the ablation within its lamellipo-
dium, the leader cell completely stopped for typically 2 h
(1305 40 min), and the cell density in the finger increased
to ~6  105 cells/cm2 (Fig. 5 C). The major contribution of
this increase is the accumulation in the finger of cells from
the epithelium, directly confirming the active migration of
the cells of the finger.
As previously mentioned, before the ablation, the cells
were elongated and their motion was strongly oriented along
the major axis of the finger (Fig. 5 A). After the destruction
of the leader lamellipodium, the follower cells reorganized
both in shape and in velocity: Their average velocity
decreased and the orientation of the velocity in the finger
was lost to the point that vortices could occasionally be
observed (Fig. 5 B). The order parameter derived from the
velocity orientation plummeted from Spolvel ¼ 0:950:2 to
Spolvel ¼ 0:150:4 over a characteristic time of 1.5 h
(Fig. 5 D, red dots), whereas the order parameter relativeBiophysical Journal 100(11) 2566–2575to the cell orientation decreased more slowly (~3 h)
(Fig. 5 D, black dots). The orientation and polarity in the
fingers are therefore dynamic processes that require the
presence of an active leader cell at different levels.
At that point, either a new leader cell easily identified by
its phenotype appeared on the side of the finger (40% of
cases) or the previous leader cell recovered (60% of cases).
The cells then slowly oriented again as the density
decreased with similar dynamics (characteristic time
~150 min) (Fig. 5 C and D).
It is very interesting that the velocity field started to orient
before this onset of a new leader (Fig. 5 D, arrow). In addi-
tion, the recovery time of the leader-cell behavior was
much larger than the characteristic time of actin microfila-
ments treadmilling in stress fibers (2–3 h versus 10–30 min
(53,54)). Altogether, these data demonstrate that the develop-
ment of a new leader cell cannot be attributed to an indepen-
dent actin polymerization process in a predetermined cell but
results from the collective migration of the followers. The
same mechanism of long-range correlated flows leading to
the change of phenotype from epithelial to leader, and to
the formation of fingers, can also be observed at the onset
of the formation of these fingers (not shown).
At this stage, we can recall the photoablation experiments
performed to cut the fingers and that showed that the cells
were under tensile stress. When cut close enough to the
tip (within a couple of cell rows), the leader cell continued
its progression on the surface (at the same velocity), accom-
panied by the small group of cells (<10 cells) that were cut
with it (see Movie S7). However, the polarity information
was clearly lost, as the motion of this cell group became
completely erratic (Movie S7 and Fig. S6, yellow trace;
persistence length, ~15 mm). Although a leader cell can
exert a significant force on its followers, it is the resistance
of a true finger acting as a rudder that imposes the direction-
ality. This is confirmed by observations in which the
remainder of the finger slowly progressed on the surface
and eventually joined the erratically moving group of cells.
At that point, the whole finger reformed and the progression
led by the initial leader resumed with its usual directionality
(Movie S7 and Fig. S6, green trace; persistence length,
>150 mm).
We have shown that an actively migrating leader cell is
essential to maintain a preferential orientation and global
migration in the fingerlike structures. Moreover, these
experiments also underline a mechanical feedback in the
fingers as the collective organization of the movements in
these structures precedes the leader cell, which in turn
applies a force to its followers that still control the global
directionality (Fig. 6).CONCLUSION
In this article, we have introduced several order parameters
to physically quantify the orientation and polarization of the
FIGURE 5 Polarity changes after the photoablation of the leader-cell lamellipodium. (A) Phase contrast image of the finger 5 min after the ablation, with
the velocity field superimposed. The velocity vectors are oriented mostly in the finger direction, n!. The cells are elongated along n! and the cell density is
very low. (B) Phase-contrast image of the same finger superimposed with the velocity field 85 min after the ablation. As the density increases, the velocities
become disorganized and the orientation of the cells is much reduced. (C) Evolution of the density inside the finger, where t ¼ 0 corresponds to the laser
ablation. The vertical green dashed line corresponds to the onset of a new leader. After the ablation and arrest of progression of the leader, the density
increases. It decreases again when the new leader starts. (D) Evolution of the order parameters derived from cell orientation (red circles) and velocity align-
ment (black squares). Please note that the velocity-related order parameter starts to increase significantly before the apparition of a leader (arrow). Lines are
guides for the eye. Similar results were reproduced in 10 independent experiments.
Collective-Migration-Induced Polarity 2573cells within the digitations that go with collective migration.
We have shown that the cells in the fingers exhibit quite high
levels of orientation and polarization. Although on average
the cells are isotropically distributed in the epithelium, the
influence of the fingers can be felt as far as two finger
lengths. It is very interesting that the orientation of the cells
or that of their axis of division and their polarization all
decreased from the tip of the finger toward the epithelium
according to very similar laws.
The complexity of the polarity was revealed in these
experiments, since the two descriptors that we use to char-
acterize it (velocity and nucleus-MTOC vector) have quite
different evolutions because of the high sensitivity of the
MTOC position to the cell microenvironment, whereas the
velocity is a property of the cell population and is therefore
more robust regarding the local details.
These elements point to the mechanical cues involved in
the finger structures that were directly evidenced by photo-
ablation experiments resulting in a cut of the finger. Notonly are the cells submitted to internal stretching forces in
the direction of the finger, they also experience an asym-
metric environment due to their own active migration,
which contributes to the establishment of a complex stress
field.
Regarding the dynamics, we have shown that the cells
joining a finger experience different levels of polarity. There
was a large variability in the time necessary for a cell to
reach a stable polarity, which was dependent on its partic-
ular history. Starting from a well-organized finger, laser
photoablation of the lamellipodium of the leader cell reveals
that 1), leaders are necessary for the progression of the
finger; and 2), the formation of the leader itself is triggered
by a prior highly oriented long-range flow. The leader
then drives the structures, and the orientation remains under
the control of this collectively determined direction of
displacements.
These conclusions may be relevant to other situations for
which the quantitative assessment of these differentBiophysical Journal 100(11) 2566–2575
FIGURE 6 Schematic of the succession of
processes leading to the formation of a leader
cell and the subsequent role of that cell in the
progression of the finger.
2574 Reffay et al.quantities is more difficult to make. In particular, turning
ourselves toward tumor explants and the multicellular
protrusions that stem from them (1), it is conceivable that
the same mechanisms described in the present study lead
to formation of these protrusions, suggesting, therefore,
possible new routes to neutralize tumors by acting on the
initial stages of cell self-organization.
More generally, these physical measurements provide
important clues that complement biochemical measure-
ments. The necessary coupling of these two pieces of
information will undoubtedly help us to understand the
mechanisms underlying these collective cellular behaviors.SUPPORTING MATERIAL
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